ABSTRACT: The development of safe and high-performance Li-metal anodes is crucial to meet the demanded increase in energy density of batteries. However, severe reactivity of Li metal with typical electrolytes and dendrite formation leads to a poor cycle life and safety concerns. Therefore, it is essential to develop electrolytes that passivate the reactivity toward Li metal and suppress dendrite formation. Carbonate electrolytes display severe reactivity toward Li metal; however, they are preferred above the more volatile ether-based electrolytes. Here, a carbonate electrolyte gel polymer approach is combined with LiNO 3 as an additive to stabilize Li-metal plating. This electrolyte design strategy is systematically monitored by operando neutron depth profiling (NDP) to follow the evolution of the plated Li-metal density and the inactive lithium in the solid electrolyte interface (SEI) during cycling. Individually, the application of the LiNO 3 electrolyte additive and the gel polymer approach are shown to be effective. Moreover, when used in conjunction, the effects are complementary in increasing the plated Li density, reducing inactive Li species, and reducing the overpotentials. The LiNO 3 additive leads to more compact plating; however, it results in a significant buildup of inactive Li species in a double-layer SEI structure, which challenges the cell performance over longer cycling. In contrast, the gel polymer strongly suppresses the buildup of inactive Li species by immobilizing the carbonate electrolyte species; however, the plating is less dense and occurs with a significant overpotential. Combining the LiNO 3 additive with the gel polymer approach results in a thin and homogeneous SEI with a high conductivity through the presence of Li 3 N and a limited buildup of inactive Li species over cycling. Through this approach, even high plating capacities, reaching 7 mAh/ cm 2 , can be maintained at a high efficiency. The rational design strategy, empowered by monitoring the Li-density evolution, demonstrates the possibilities of achieving stable operation of Li metal in carbonate-based electrolytes.
INTRODUCTION
In the past and present, intensive research has been and is devoted toward research and development of safe lithium (Li)-metal anodes. 1, 2 From the perspective of energy density, Li metal is the ideal anode because of its high theoretical specific capacity of 3860 mAh g −1 and ultralow reduction potential properties (−3.040 V vs SHE) as compared to the traditional graphite-based anode. 3, 4 However, the reactivity with typical carbonate electrolytes leads to severe capacity loss, resulting in a low Coulombic efficiency and poor cycle life. 5 In theory, during plating and when the current exceeds the Li-ion transport supported by the conductivity of the electrolyte, ion depletion at the Li-metal surface will occur after a characteristic time, which is referred to as Sand's time. 1, 6 Under these conditions, plating becomes inhomogeneous, and selfamplified growth of dendrites is induced. The large surface area of dendrites exposes fresh electrolyte to the Li metal, which accelerates electrolyte decomposition. In practice, the inhomogeneous structure of the reduced liquid electrolyte (LE) species forming a solid electrolyte interface (SEI) promotes dendrite formation even at relatively low currents. Therefore, the formation of the SEI and Li-metal dendrites is a self-amplifying detrimental process, giving rise to severe irreversible capacity loss (including SEI formation and isolated "dead" Li metal). This increases the impedance, which lowers the cycling capacity and Coulombic efficiency and leads to early cell death. 7, 8 Additionally, when Li-metal dendrites penetrate the separator and reach the cathode, an internal short circuit may lead to spontaneous discharge, which generates heat, potentially leading to a thermal runaway and the associated safety hazards. 1, 6, 9 For this reason, Li-metal anode research has moved largely from carbonates to ether-based electrolytes. Decomposition of the electrolytes leads to the formation of a flexible oligomeric SEI at the Li-metal surface, which significantly slows down electrolyte degradation. 3, 10, 11 However, ether-based electrolytes are more volatile and combustive and have a low oxidation potential (<4 V vs Li + /Li), making these less safe, unsuitable to be combined with emerging high-voltage cathodes, and thus unsuitable for mass production.
12−14 Therefore, the search for strategies that allow the use of carbonate-based electrolytes, currently used in all commercial Li-ion batteries, in Li-metal batteries has become an important topic of research. 15 This research requires critical monitoring and understanding of the lithium-metal plating/ stripping processes in realistic battery conditions.
It is well accepted that the Li metal reduces carbonate-based electrolytes, leading to the growth of mossy/dendritic lithium growing toward the separator, initiating further electrolyte decomposition. 16 Previous research has shown that the formation of lithium dendrites can be reduced in carbonatedbased electrolytes by (1) utilizing polymer electrolytes, which immobilize the electrolyte species (including gel polymer electrolytes and solid polymer electrolytes), 17−21 (2) electrolyte additives to improve the SEI structure (such as fluoroethylene carbonate and LiNO 3 ), 15,22−27 and (3) introducing an artificial SEI on the current collector.
28−31
The core concepts include the promotion of Li-metal nucleation, homogenization of the Li flux, and reduction of the reactivity between electrolyte and fresh lithium by a favorable SEI structure and composition. 2 An important aspect is the optimization of electron and Li + transport through the Li metal and SEI layer, which directly affects the distribution of the Li ions and the Li-metal morphology. 32 Specifically, Zeng et al. 17 and Lu et al. 18 found that building the polymer matrix in carbonate-based electrolytes can promote uniform Li plating/stripping due to a lower resistance toward Li-ion diffusion, thus restricting the growth of dendritic and porous Li-metal morphologies. However, only surface morphologies observed by scanning electron microscopy (SEM) can be shown to support these results. Most recently, Shi et al. 10 found that adding LiNO 3 facilitates deep Li-metal cycling of 10 mAh cm −2 in ethylene carbonate/dimethyl carbonate (EC/ DMC) electrolytes, renewing the possibilities for carbonatedbased electrolytes. Furthermore, Liu et al. 15 discovered that nitrate anions in carbonate-based electrolytes dramatically alter the Li-metal nucleation, resulting in spherical metal nucleation and growth rather than dendritic growth, which were previously only observed for ether-based electrolytes. These results open up new directions for the application of carbonated-based electrolytes in lithium-metal batteries.
To gain more understanding of the underlying mechanisms of Li-metal plating and to push forward the development of Limetal anodes, new electrolyte strategies would benefit from the ability to monitor its working conditions in operando. However, operando research toward the Li metal is challenging due the difficulty to detect Li, both its distribution and chemical form, in particular during battery operation. 1, 9 Most techniques including microscopic and spectroscopic characterization methods may influence the electrochemistry and the lithium-metal anode itself. 31,33−37 Recently, Wang's group 38, 39 and our group 40 introduced neutron depth profiling (NDP) as a powerful tool to monitor the average Li-metal density parallel to the current collector plane. NDP is isotope-specific and considered as a noninvasive and nondestructive technique. With this technique, the formation of inactive Li (in the SEI and as dead Li metal) and the Li-metal plating/stripping can be monitored quantitatively under operando conditions in liquid electrolytes. 40 Here, NDP is used to monitor the lithium plating/stripping for different electrolytes. The LiNO 3 additive in EC/DMC carbonate-based electrolytes is shown to change the SEI formation and the Li-metal plating/stripping mechanism, which is responsible for the significant improvement in plating and stripping efficiency. However, at low current densities, the long exposure time of the electrolyte to the lithium metal results in a low efficiency. This continuously thickens the SEI film and results in accumulation of inactive lithium species, as observed by operando NDP. Based on these findings, the contact area between the electrolyte and lithium metal was reduced by introducing an acrylate-based gel polymer electrolyte (GPE). Although this was found to substantially reduce the formation of inactive Li, the relatively large overpotential indicates poor charge transport, introducing the conditions that promote dendrite formation. Combining the complementary and beneficial impact of the LiNO 3 additive and the GPE approach leads to a significant improvement in the Li-metal plating and stripping, minimizing the irreversible formation of inactive Li metal and strongly improves the electrochemical performance of the Li-metal anode. Figure S1 . A pouch cell was fabricated with ∼11 μm-thick Cu foil (MTI Corporation, >99.99%), which functions as both the working electrode and as a window of the operando cell toward the NDP detector. The separator was a 300 μm glass fiber sheet (Whatman GF/D) loaded with or without LiNO 3 facing the lithium metal and a 25 μm PE (Celgard 2300) sheet facing the copper window. The LiNO 3 -loaded glass fiber was prepared by soaking in 0.4 g of LiNO 3 and 10 mL of 1,2-dimethoxyethane (DME) solution for 2 h at room temperature. The soaked separators were then taken out of the solution and fully dried in an Ar-filled glove box overnight at room temperature. The mass loading of LiNO 3 on a separator was weighed to be ∼0.4 mg/cm 2 . In total, 500 μL of conventional carbonate electrolyte (1 M LiPF 6 in 1:1 v/v EC/DMC, referred to as LE) or GPE precursor was added to the pristine or modified separator. The precursor solution was composed of 5 wt % TPGDA (C 15 H 24 O 6 , MW = 300.35, Aldrich) monomer and 0.1 wt % AIBN (C 8 H 12 N 4 , MW = 164.21, Aldrich) initiator dissolved in the LE. The cells with GPE were then heated at 60°C for 6 h to ensure full polymerization of TPGDA in the LE. 41 The Li-metal foil (∼500 μm, Aldrich, 95 wt % 6 Li and 5 wt % 7 Li, density of 0.47 g cm −3 ) serves as both the counter electrode and reference electrode. Galvanostatic cycling was performed by deposition of Li onto the Cu working electrode with different current densities up to a fixed capacity (1 to 7 mAh/cm 2 ), followed by Li stripping at different current densities up to 1 V.
NDP Experiments and Data
Handling. Neutron depth profiling was performed on thermal neutron beamline A at the Reactor Institute Delft. Figure 1a shows the schematic setup of the operando NDP measurement. The 6 Li isotope undergoes a neutron capture reaction. This reaction between a neutron and the core of the atom produces two particles: 4 He 2+ (E k = 2044 keV) and 3 H + (E k = 2727 keV), emitted in all directions. As these particles travel through the sample, energy is lost due to interactions with the surrounding electron density. Due to the higher mass and valence state as well as their lower initial energy, the helium ions experience a larger stopping power than the hydrogen ions, which prevents them from reaching the detector in the present type of experiments. 42 The detector is placed at a distance of 4.5 cm from the pouch cells, and it detects the tritons ( 3 and Li-metal plating at the interface of a garnet solid electrolyte. 38 The energy loss for the 3 H + particles through the pouch cell material does not allow the measurement of the Li density inside the cell. Therefore, the pouch cell is modified by sealing it in the Cu-current collector of ∼11 μm in thickness, which allows us to probe ∼23 μm inside the cell. The counter electrode is a 6 Li-enriched Li metal (95% 6 Li and 5% 7 Li) that enhances the NDP signal intensity. The electrolyte in the pouch cell is 1 M LiPF 6 in EC/DMC (1:1), which was 6 Li-enriched by bringing it in contact with enriched lithium metal for 1 week by which the exchange current density equilibrates the 6 Li density toward 95%.
It should be mentioned that NDP is traditionally performed under high vacuum conditions. However, to enable electrochemically cycling of the pouch cells containing liquid electrolytes, the NDP measurements were performed under reduced air pressure (100 Torr N 2 equivalent), just above the vapor pressure of the electrolytes. This results in additional but marginal energy loss of the tritons and results in straggling on the air molecules, which compromises the energy resolution. One raw data profile from the operando measurements for the Li/GPE/Cu battery, with 3 min measurement time, is shown in Figure S2 . The impact of straggling is demonstrated by the gradual increase in the measured 3 H + intensity at the high energy (channel side), representing Li near the Cu-current collector.
To relate the triton ( 3 H + ) energy loss and intensity to the Li depth and Li density, the data needs to be corrected for the stopping power of the materials. The energy-dependent stopping power was calculated for the 11 μm copper-current collector (density of 8.96 g/cm 3 ) for the electrolyte based on 1 M LiPF 6 in 1:1 (v/v) EC/ DMC, and for the 6 Li-enriched Li metal, the specified isotope ratio was used (95 wt % 6 Li and 5 wt % 7 Li, density of 0.47 g cm −3 using SRIM (2013 version)). 48 The detailed process of performing these corrections can be found in Figures S3 and S4 (Supporting Information). The resolution in depth is determined by the energy resolution of the detector, the geometrical distribution in path lengths of the 3 H + particles. Additionally, the low air pressure (100 Torr) leads to straggling of the 3 H + particles, and hence, a distribution in energies also adds to the depth resolution. In combination with the distribution in thickness of the deposited Li metal, it is hard to quantitatively determine the depth resolution and, in particular, the changes in distributions. Integrated intensities provide insight into the processes.
It is important to realize that the neutron flux is small, ∼10 7 n/ (cm 2 ·s), 10−20% of which is consumed by the capture reaction in the sample. As a consequence, the total amount of 6 Li consumed during the measurements is 1:10 15 n/s, which is negligible. Therefore, NDP should be considered a nondestructive and noninvasive technique. In the present samples, only Al activates significantly due to the neutron beam. Al is present in the NDP chamber and has a significant cross section for thermal neutron capture (12 barn). It leads to β − decay (4.6 MeV) with a half-life of 2.2 min, which yields 28 Si via prompt γ emission of a 1778 keV photon. Neutron capture of 63 Cu results in 64 Cu, which leads to β − and β + decay, and 66
Cu to β + decay, with a half-life of 12.7 h and 5 min. Therefore, samples should be stored for ∼1 week before disposal.
2.3. SEM and XPS Characterization of the Materials and Electrodes. Lithium-metal-plating electrodes were prepared by discharging the pouch cell for 1 mAh/cm 2 capacity. Before SEM imaging, the electrodes were rinsed with dimethyl carbonate in a glove box under a dry argon atmosphere and dried several times in a vacuum chamber. Cross-section SEM samples were made by cutting the samples with a diamond saw in the glove box. Subsequently, samples were transferred into an SEM (JEOL JSM-6010LA) machine under dry argon conditions, and images were taken using an accelerating voltage of 10 kV (secondary electron).
An X-ray photoelectron spectrometer with Ar + beam was employed to investigate the element states in plated lithium on a copper foil (PHI5000 VersaProbe-II). Samples were placed on the XPS vacuum holder in the glove box and transferred to the XPS spectrometer to prevent moisture/air exposure. The applied X-ray source was monochromatic Kα X-rays at 1486.6 eV (aluminum anode) under ultrahigh vacuum (10 −9 Torr) conditions. The instrument work function was calibrated to give a binding energy (BE) of 83.96 eV for the Au 4f 7/2 line on a metallic gold reference sample, and the spectrometer dispersion was adjusted to give a BE of 932.62 eV for the Cu 2p 3/2 line on a metallic copper sample. The depth-profiling sputtering was conducted by 1 min sputtering in five cycles (2 kV, 2 × 2 mm) and followed by 8 min sputtering in 10 cycles (2 kV, 2 × 2 mm); the narrow spectra of particular elements (Li, O, and N) were recorded after each cycle of sputtering. The pass energy used for the hemispheric analyzer was 58.7 eV, and the base pressure of the system was ∼1 × 10 −7 Pa. The estimated sputtering rates are 6 nm/min.
3. RESULTS AND DISCUSSION 3.1. Operando NDP Measurement of the Lithium Stripping/Plating in the Liquid Electrolyte (LE), the LE with the LiNO 3 Additive, and the Gel Polymer Electrolyte (GPE). In Figure 1b , the results of operando NDP are shown for 10 subsequent electrochemical plating and stripping cycles at 1 mA/cm 2 up to a plating capacity of 1 mAh/cm 2 , during which continuous 3 min NDP measurements were acquired. The Li signal upon Li-metal plating appears at a depth of 11 μm on the copper-current collector window facing the electrolyte. As can be anticipated, the Li signal increases up to the end of discharge and decreases upon subsequent stripping. The depth resolution for these systems is ∼0.1 μm, which is dictated by the stopping power of the materials along the path of the 3 H + between the Li position, straggling, and the detector resolution. 40 Note that the signal is averaged over an ∼1 cm 2 electrode. The Li density is normalized to the Li metal. Hence, it reflects the fractional density with respect to the Li metal. 40 Figure 1b demonstrates the instability of the EC/ DMC electrolyte as the Li density progressively increases irreversibly both in intensity and depth, indicating the buildup of inactive Li and growing porous structures, as further testified by Figure S5 .
Chemistry of Materials
Utilizing LiNO 3 as an SEI-forming agent is widely adopted for ether-based electrolytes and has recently been shown also to efficiently passivate the lithium surface and positively affect the SEI composition in carbonated-based electrolytes. 10, 15 At present, the role of LiNO 3 in the LE (LE-LNO) toward the lithium stripping/plating was investigated by operando NDP, the results of which are shown in Figure 2a −h. As the solubility of LiNO 3 in carbonate-based electrolytes is low, the LiNO 3 was loaded on the glass fiber separator, leading to a slow release of LiNO 3 in the electrolyte as it is consumed by the SEI formation. 10 Comparing the first five cycles at 1 mA/cm 2 with and without the LiNO 3 additive shows marked differences in the overpotential and plated lithium depth. As shown in Figure  2a ,e, adding LiNO 3 results in a significant drop in overpotential from ∼300 to ∼100 mV. Interestingly, the LiNO 3 additive leads to a much more compact and, hence, dense plating, as demonstrated in Figure 2e ,f. Li-metal plating in the pure LE results in a porous Li morphology with low-density tails extending deep into the electrolyte already after two cycles (Figure 2b) , which reflects the EC/DMC electrolyte reduction that leads to low-density lithium-metal plating.
49,50 It should be realized that the total amount of inactive Li quantified by NDP is a combination of dead Li metal and inactive Li in the SEI as the chemical nature of Li cannot be distinguished by NDP. 40 Consistently, postmortem SEM shows that the thickness of the lithium anode after discharge in the battery with the LiNO 3 additive was only ∼7.8 μm (Figure S5c ). For the pure LE, SEM in Figure S5a ,b shows a rough, porous morphology representing mossy lithium growth as a consequence of the high reactivity between the fresh Li metal and LE. Figure S5d shows the surface morphology of the lithium deposition in the presence of the LiNO 3 additive, which displays more uniform plating and larger lithium metal particles. Figure 2c ,g represents the evolution of the lithium mass during five cycles, which is determined by integrating the NDP spectra over the complete depth at each time during cycling. The ability of NDP to monitor the amount of Li metal on the current collector allows us to determine the Li efficiency, defined as the ratio of the stripped with the plated amount of Li within the maximum depth probed by the NDP. Therefore, it provides complementary information to the electron efficiency as quantified by the Coulombic efficiency. 40 The difference between the Coulombic efficiency and Li efficiency quantifies the amount of irreversible reactions that do not involve Li-ion transfer, such as direct electrolyte reduction and chemical dissolution of Li from the SEI. Chemical dissolution does not appear to play a role as, during a relaxation 
Article experiment, no change in the Li-density profile was observed (see Figure S6 ). The Li efficiency and Coulombic efficiency for the LE and LE-LNO electrolytes are shown in Figure 2d ,h. Clearly, a low Li efficiency, associated with the high reactivity, results in a rapid accumulation of dead lithium during cycling despite the presence of the LiNO 3 additive. In summary, the Cu/LE/Li and Cu/LE-LNO/Li batteries show, not unexpectedly, dead lithium accumulation and a relative low efficiency, whereas the LNO additive is demonstrated to result in a more compact plating.
Previously, it has been demonstrated that the use of a GPE enhances the performance of lithium metal batteries. 17−21 Here, operando NDP is also performed to understand the origin of this improvement. For this experiment, a tri-(propylene glycol) diacrylate (TPGDA)-based GPE is used. TPGDA is a typical acrylate-based monomer that polymerizes in situ in the LE, thereby immobilizing the LE and decreasing the reactivity of the electrolyte, as demonstrated by our previous work. 41 A comparison of the Li-density evolution between the LE and GPE is shown in Figure 2i −p. Clearly, the plated lithium for the GPE is almost completely stripped, and consequentially, much less inactive lithium accumulates upon cycling. Figure 2k ,o shows the integrated amount of Li on the current collectors, demonstrating a higher Li efficiency and better reversibility of the GPE compared to the LE.
In Figure 2l ,p, the Coulombic efficiency is shown as determined from the galvanostatic cycling next to the Li efficiency obtained from the NDP measurements. The Cu/ GPE/Li demonstrates higher Coulombic and Li efficiencies, indicating that the GPE can largely alleviate the consumption of the plated lithium metal by side reactions with the electrolyte. For the Cu/LE/Li cell, the low initial Li efficiency results in an accumulation of inactive lithium species, including Li 2 O, Li 2 CO 3 , and isolated Li metal, forming a mosaic structure covering the Cu-current collector. 51 This SEI is the origin of the overpotential increase, and the heterogeneous SEI structure is believed to promote dendrite formation, introducing fresh electrolyte-Li metal contact, a self-amplifying process that results in rapid battery failure. The postmortem SEM images of the plated Li metal morphology, at a current density of 0.2 mA/cm 2 to a capacity of 1 mAh/cm 2 , are shown in Figure S5e ,f. For the LE, the images show a porous and mossy surface after plating. In contrast, the GPE shows a relatively dense Li metal/SEI morphology. This can be rationalized by the reduced mobility of the LE, preventing side reactions between the LE and fresh lithium metal. Figure 3a ,d compares the Li density during the third cycle in the LE-based battery with and without the LiNO 3 additive, again demonstrating the more dense and compact plating due to the presence of the LiNO 3 additive. The activity in Figure  3b ,e is obtained by taking the difference of two subsequent measurements for each time step (each taking 10 min), thus representing lithium plating/stripping activity during each 10 min. This provides direct insight into the distribution of the plating and stripping, resulting in a positive change in Li density during plating (yellow/red) and a negative change in Li density during stripping (blue). The plating and stripping activity indicates that, in the early stages of the plating, Li is more compact with the presence of LiNO 3 . In the second stage, the Li density increases more homogeneously, most likely induced by electrolyte decomposition. This is supported by Figure 3f , showing a large amount of inactive Li left after stripping. For the regular electrolyte, the homogeneous increase in Li density appears to start at an even earlier stage. Consequently, the amount of inactive Li due to electrolyte reduction after stripping is also larger, as is shown in Figure 3c . Even though the porous dendritic structures are known to grow from the interface with the Cu-current collector, the activity is observed at the electrolyte side as the porous structure is pushed into the electrolyte.
Plating the Cu/LE/Li cell at a lower current density, shown in Figure 3g −i, results in a less dense layer that extends beyond the maximum depth that can be probed by NDP. This more porous morphology is a direct result of the longer contact time between the Li metal and LE during slower cycling. This confirms that there is a strong relationship between the reactivity of the electrolyte and the resulting Li-metal density profile. Although the LiNO 3 additive leads to a more compact plating and lower plating and stripping overpotentials, it does not prevent severe electrolyte decomposition responsible for the observed high inactive Li density. The aim of introducing the GPE is to diminish the buildup of inactive Li species by reducing the contact area with the electrolyte and by demobilizing the electrolyte solvent species. As shown in Figure 3j , the very low lithium concentration at the beginning and at the end of the third cycle of the Cu/GPE/Li battery reveals that the GPE indeed largely prevents the formation of inactive Li species. From the plating/stripping activity of the Cu/GPE/Li, Figure 3k , it can be concluded that Li nucleation occurs close to the interface with the copper foil. Although the plating appears to be less dense compared to the LE with the LiNO 3 additive, the stripping is more efficient, as demonstrated by Figure 3l . Despite the higher Li efficiency at 1 mA/ cm 2 , the Cu/GPE/Li cell displays a relatively high overpotential (∼200 mV) compared to the Cu/LE-LNO/Li cell (∼100 mV), as shown in Figure S7 . The high overpotential results in a low voltage efficiency and could, upon extended cycling, lead to enhancement of decomposition reactions. Hence, the origin of the improved plating/stripping appears to be fundamentally different for the LE-LNO and GPE electrolytes. For the LiNO 3 additive in the carbonate LE, a low overpotential and compact plating are achieved, whereas the GPE provides a high Li efficiency. This indicates that integrating the GPE with the LiNO 3 additive may be a promising strategy toward improved Li-metal anode performance.
3.2. Operando NDP Measurement of the Lithium Stripping/Plating in the Gel Polymer Electrolyte with the LiNO 3 Additive (GPE-LNO). The galvanostatic cycling toward different capacities of the GPE including the LiNO 3 additive, referred to as the Cu/GPE-LNO/Li battery, is shown in Figure 4 . The battery displays an overpotential of ∼120 mV under 1 mA/cm 2 cycling, which is significantly lower than the GPE electrolyte, indicating the positive impact of the presence of the LiNO 3 additive (Figure 4a ). Operando NDP in Figure  4b discloses that the Li-metal plating remains dense at a capacity of 1 mAh/cm 2 . Cycling to 1 mAh/cm 2 (equivalent to a pure Li-metal film thickness of ∼5 μm) results in an ∼8 μm thickness of the plated morphology, which is very dense for a carbonate-based electrolyte. 52 In most research studies, Limetal electrodes are generally plated up to relatively small capacities, that is, 1 mAh/cm 2 ; however, this is insufficient to achieve practical energy densities. 10 For instance, Li−S batteries for next-generation electric vehicles 53, 54 require a sulfur cathode with a mass loading of 5 mg/cm 2 (∼1000 mAh/ g), which demands a lithium-metal capacity of at least 5 mAh/ cm 2 . From this practical perspective, the present Cu/GPE-LNO/Li battery is cycled up to capacities reaching 7 mAh/cm 2 at 1 mA/cm 2 , as shown in Figure 4a . Even at a relatively large capacity of 7 mAh/cm 2 , the GPE-LNO electrolyte results in compact plating at the Cu-current collector (Figure 4b) , further indicating that the present electrolyte strategy is promising toward a stable Li-metal plating in carbonate-based electrolytes. Comparing the buildup of inactive Li in Figure  4c ,d with that in Figure 2 for the LNO and GPE electrolytes demonstrates that even 7 mAh/cm 2 can be cycled with a relatively good reversibility. Clearly, the GPE component retains the ability to suppress the accumulation of inactive Li species. Note that, at large plating capacities, a part of the Li density falls outside the NDP detection range. In the NDP measurement, only the Li deposits within the detection limit, close to 23 μm for these measurements, can be determined. As a consequence, the Li efficiency and total plated mass can only accurately be determined if the Li density falls within the Figure 2b are inaccurate from the first cycle, whereas it becomes inaccurate in Figure 2j after the second cycle. We estimate that, in Figure 4 , the error in the Li efficiency is less than 5% as the intensity of the tail that is not completely observed is already far below that in the observed signal. The NDP results indicate that the Cu/GPE-LNO/Li battery cycles are relatively stable, as compared to the GPE and the LNO additive individually, at high areal capacities as demanded by practical applications. Because NDP does not allow differentiation of the chemical Li species present in the different electrolyte systems, XPS depth profiling was performed under ex situ conditions after 1 mAh/cm 2 Li plating. The depth XPS profiles of Li 1s, O 1s, and N 1s of the LE, LE-LNO, and GPE-LNO cells are shown in Figure 5a −h. For the EC/DMC electrolyte, XPS in Figure  5a ,b indicates the presence of mainly Li 2 O/Li 2 CO 3 in the SEI, as should be expected in carbonate electrolytes. 55−58 Note that Li 2 CO 3 leads to nearly the same O 1s XPS energy compared to Li 2 O, making this difficult to distinguish. The poor ionic conductivity of the mosaic SEI structure composed of Li 2 O/ Li 2 CO 3 will hinder Li-ion transport and promote dendrite formation, which can be expected to be responsible for the large amount of inactive Li species 59,60 observed directly with NDP in Figure 4 . Addition of LiNO 3 results in a very different SEI composition (see Figure 5c −e), introducing reduced LiNO 3 species such as Li 3 N, LiNO 2 , and LiN x O y , an observation in line with previous findings.
10,15 As Li 3 N is an excellent Li-ion conductor (10 −4 S/cm), 61 it can be held responsible for the lower overpotentials during plating and stripping (see Figure 3b) . Interestingly, the SEI in the presence of LiNO 3 in the electrolyte appears to have a double-layer structure at the current collector composed of the reduced LiNO 2 species and, at the top, Li 2 O/Li 2 CO 3 and reduced electrolyte (ROLi) species. The latter testifies the remaining reactivity toward the electrolyte where, specifically, the ROLi species can be expected to be the result of EC reduction by the Li metal. 6, 57, 62 In contrast, as shown in Figure 5f −h, when combining the GPE and LiNO 3 additive, this results in a more uniform SEI with significantly less Li 2 O/Li 2 CO 3 and ROLi species. Therefore, in this case, the SEI can be expected to have the largest conductivity and contain less inactive Li components, consistent with the lower Li density left after stripping observed by the NDP results in Figure 4 . The absence of the LiNO 2 species in the SEI formed in contact with the GPE-LNO electrolyte (see Figure 5h ) may be explained by the better SEI conductivity, allowing further reduction of the LiNO 3 additive. 23, 63, 64 An interesting finding is that introduction of the LiNO 3 additive leads to the presence of organic species that contains CO (Figure 5b,d,g ), most likely the result of EC reduction by the Li metal, which is believed to play a major role in constituting a protective and passive film on the lithium anode. 65 Because traces of water should react with (CH 2 OCO 2 Li) 2 toward Li 2 CO 3 and (CH 2 OH) 2, 6 we speculate that the hygroscopic nature of the LiNO 2 species may be responsible for preventing this last 
Article reaction step. This demonstrates the complexity of the SEI reactions upon the introduction of additives.
Figure 6a−c shows schematic representations of the plating and stripping process based on the results of the operando NDP and the ex situ XPS and SEM experiments. In the EC/ DMC carbonate electrolyte, NDP and SEM indicate increasingly porous plated Li morphologies upon cycling and the formation of a thick SEI layer with a large amount of inactive Li species. Moreover, XPS demonstrates that the main SEI constituents are the poorly conducting Li 2 O/Li 2 CO 3 species, explaining the large overpotential during cycling. Furthermore, this poorly conducting heterogeneous SEI will further enhance mossy/dendrite Li-metal formation and electrolyte degradation. Instead, reduction of the LiNO 3 additive leads to an SEI that is rich in LiNO 2 , Li 3 N, and LiN x O y species. The Li 3 N component will enhance the ionic conductivity, responsible for the more compact plating and a lowering of the overpotential observed by NDP and SEM. However, the high reactivity between the Li metal and EC/ DMC creates a heterogeneous top layer composed of Li 2 O/ Li 2 CO 3 and reduced EC species that compromises the SEI conductivity. In addition, it leads to the development of a large amount of inactive Li, as observed by NDP. This is responsible for the relatively low plating and stripping efficiency and, upon long cycling, enhanced dendrite formation and electrolyte decomposition. Combining the GPE with the LiNO 3 additive leads to a further improved SEI morphology and composition, which is shown to be more compact and thinner as indicated by NDP and SEM, and is demonstrated to be more uniformly composed of Li 3 N and LiN x O y , as shown by XPS. As a result, the conductivity can be expected to be high, which, in combination with a reduced buildup of inactive Li species over cycling, rationalizes the relatively good Li-metal anode performance of this carbonate-based electrolyte.
Finally, the GPE-LiNO 3 electrolyte cells were subjected to 200 cycles at 1 mAh/cm 2 at different current densities (0.2, 0.5, and 1 mA/cm 2 ). As shown in Figure 7a ,d,g, this battery displays stable cycling and small overpotential values of 40, 60, and 80 mV for 0.2, 0.5, and 1 mA/cm 2 , respectively ( Figure  7b,e,h) . Efficiencies of the battery, as shown in Figure 7c ,f,i, 
Article maintain high values for carbonate electrolytes reaching ∼95, 96, and 98% under 0.2, 0.5, and 1 mA/cm 2 , respectively. The long-term stability, high efficiency, and low overpotential reflect the favorable SEI properties through the synergistic effect of the LiNO 3 additive and GPE electrolyte.
CONCLUSIONS AND OUTLOOK
To conclude, we have successfully developed an improved electrolyte design combining a carbonate-based gel polymer electrolyte and LiNO 3 as the additive, guided by monitoring of the Li-metal plating and stripping directly by operando NDP. The electrolyte composition has a dramatic effect on the evolution of the plated Li-density profile, where LiNO 3 as the additive to the carbonate electrolyte results in a more dense plating and favorable SEI composition. The remaining reduction of electrolyte species results in a nonuniform SEI layer that promotes the development of inactive Li over cycling. The GPE immobilizes the carbonate electrolyte species, largely preventing electrolyte reduction and, in combination with LiNO 3 , forming a homogeneous good conducting SEI that suppresses porous/dendritic Li-metal plating. It should be realized that these electrolytes are not optimized, and further carbonate-based electrolyte development and optimization are likely to result in further improvement of the plating/stripping in efficiency, indicating the potential of the present strategy toward improved carbonate electrolytes for Li-metal batteries. 
